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MAPK-Mediated Interleukin-6 Generation 
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We studied the protective effect of stromal cell-derived factor-ip 
(SDF-1 (3) on cardiac cells from lipotoxicity in vitro and diabetes 
in vivo. Exposure of cardiac cells to palmitate increased apoptosis 
by activating NADPH oxidase (NOX)-associated nitrosative stress 
and endoplasmic reticulum (ER) stress, which was abolished by 
pretreatment with SDF-1 (3 via upregulation of AMP-activated pro- 
tein kinase (AMPK)-mediated p38 mitogen-activated protein kinase 
(MAPK) phosphorylation and interleukin-6 (JL-6) production. The 
SDF-1 (3 cardiac protection could be abolished by inhibition of 
AMPK, p38 MAPK, or ID6. Activation of AMPK or addition of 
recombinant ILr6 recaptured a similar cardiac protection. SDF-1 p 
receptor C-X-C chemokine receptor type 4 (CXCR4) antagonist 
AMD3100 or CXCR4 small interfering RNA could not, but CXCR7 
small interfering RNA completely abolished SDF-1 P's protection 
from palmitate-induced apoptosis and activation of AMPK and p38 
MAPK. Administration of SDF-1 p to diabetic rats, induced by feed- 
ing a high-fat diet, followed by a small dose of streptozotocin, could 
significantly reduce cardiac apoptosis and increase AMPK phos- 
phorylation along with prevention of diabetes-induced cardiac oxi- 
dative damage, inflammation, hypertrophy, and remodeling. These 
results showed that SDF-1 p protects against palmitate-induced car- 
diac apoptosis, which is mediated by NOX-activated nitrosative 
damage and ER stress, via CXCR7, to activate AMPK/p38 MAPK- 
mediated ILr6 generation. The cardiac protection by SDF-1 p from 
diabetes-induced oxidative damage, cell death, and remodeling was 
also associated with AMPK activation. Diabetes 62:2545-2558, 2013 




Intracellular accumulation of long-chain fatty acids in 
nonadipose tissues is associated with cellular dys- 
function and cell death and may ultimately contrib- 
ute to the pathogenesis of disease. For example, 
lipotoxic accumulation of long-chain fatty acids in the 
heart of the Zucker diabetic fatty rat leads to the deve- 
lopment of pathogenic changes (1). Similarly, the pathogenic 
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changes in the heart of diabetic patients are also associ- 
ated with the increased cardiac triglyceride content and 
contributes to arrhythmia occurrence and reduced con- 
tractile function or sudden death (2). In cultured cardiac 
cells, palmitate induced cardiac cell death (3,4). Because 
palmitate and stearate, but not unsaturated fatty acids, 
are precursors for de novo ceramide synthesis, fatty acid- 
induced apoptosis was assumed to probably occur through 
ceramide; however, some studies did not support this 
notion (5,6). Chinese hamster ovary cells did not re- 
quire de novo ceramide synthesis for palmitate-induced 
apoptosis, and palmitate supplementation rather over- 
generated reactive oxygen species or reactive nitrogen 
species that initiate apoptosis (5). Other later studies also 
reported the importance of palmitate-induced oxidative 
and nitrosative damage in the induction of apoptotic cell 
death (3,7,8). 

Reportedly, palmitate induced endoplasmic reticulum 
(ER) stress and apoptosis in multiple tissues (9), and AMP- 
activated protein kinase (AMPK) activation inhibited palmitate- 
induced ER stress and apoptotic effects (9,10). Terai et al. 
(11) demonstrated the preventive effect of AMPK activa- 
tion on hypoxia-induced ER stress and apoptosis in car- 
diac cells: hypoxia-induced C/EBP homologous protein 
(CHOP) expression and caspase 12 cleavage were signifi- 
cantly inhibited by pretreatment with 5-aminoimidazole-4- 
carboxyamide-l-p-D-ribofuranoside (AICAR), a pharmaco- 
logical activator of AMPK. In parallel, adenovirus expressing 
dominant-negative AMPK significantly attenuated AICAR's 
cardioprotection (11). Another study showed the anti- 
apoptotic effect of AMPK activation on tumor necrotic 
factor-a (TNF-a) (12). Furthermore, the AMPK anti- 
apoptotic effect seemed associated with p38 mitogen-ac- 
tivated protein kinase (MAPK) and interleukin-6 (IL-6) 
(13,14). Therefore, AMPK activation is an attractive ap- 
proach in the prevention and/or treatment of cardiac dis- 
eases. However, concerns have recently been raised about 
AICAR-mediated AMPK upregulation (15): 7) chemical 
AICAR unselectively stimulates AMPK phosphorylation in 
all cells when it is chronically administered in vivo, and 2) 
AICAR as an AMPK-specific activator will persistently up- 
regulate AMPK, which is undesirable because it usually 
induces apoptosis (15-19). 

Chemokine stromal cell-derived factor (SDF-1), also 
known as chemokine (C-X-C motif) ligand 12 (CXCL12), 
regulates many essential biological processes, inclu- 
ding cardiac and neuronal development, stem cell moti- 
lity, neovascularization, angiogenesis, and tumorigenesis 
(20,21). Generally, SDF-1 mediates these disparate processes 
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predominantly through CXC receptor 4 (CXCR4) and/or 
CXCR7 (22). Six variants of SDF-1, including SDF-la, p, 7, 
8, s, and 0 have been identified to date (23,24). SDF-la and 
(3 are mostly involved in cardiovascular diseases (25-27). 
Previous studies predominantly showed the role of SDF-la 
or p in directing stem cells into the damaged heart to re- 
pair tissue damage (21,28-30). Whether SDF-1 directly 
protects cardiac cells from lipotoxic effects has not yet 
been studied. 

Therefore the objectives of the current study are to de- 
termine: 

7) whether SDF-1 p protects cardiac cells from palmitate- 
induced nitrosative damage, ER stress, and apoptotic 
cell death; 

2) whether any protective effect of SDF-1 p against palmi- 
tate-induced cell death is mediated by activation of the 
AMPK-related protective pathway; 

3) whether p38 MAPK and IL-6 are involved in the protec- 
tive effect of SDF-1 p from palmitate-induced cell death; 

4) which subtype of SDF-1 receptors is required for SDF-1 P's 
protection from these palmitate-induced pathogenic ef- 
fects; and 

5) whether the antiapoptotic effect of SDF-1 p on cardiac 
cells in vitro can be seen in the diabetic heart and 
whether the protective effect on cardiac cell death 
can lead to a prevention of cardiac pathogenic changes. 

An understanding of these issues is very important for 
developing SDF-1 p as a potential activator of AMPK to be 
used chronically in vivo. This peptide is an attractive 
candidate for clinical development because if it can acti- 
vate AMPK, it will transiently activate AMPK only in cells 
expressing its receptor, unlike AICAR, which persistently 
and unselectively activates AMPK in all the cells in the 
body. Therefore, in vitro cultured cardiac H9C2 cells and 
also the primary cultures of neonatal cardiomyocytes, 
combined with pharmacological inhibitors and small in- 
terfering RNA (siRNA) approaches, were used. Diabetic 
rats were induced by being fed a high-fat diet (HFD) for 8 
weeks, followed by a small dose of streptozotocin (STZ), 
as reported by others (31,32). 



RESEARCH DESIGN AND METHODS 

Cell culture. Embryonic rat heart-derived H9C2 cells (CRL-1446), purchased 
from ATCC (Manassas, VA), were maintained in the conditions as instructed 
by ATCC. H9C2 cells were exposed to palmitate, with and without SDF-1 
and some of these cultures were pretreated with scavengers, inhibitors, or 
siRNA according to experimental needs, which will be described for each 
study. Palmitate (Sigma-Aldrich, St. Louis, MO) was dissolved in 50% ethanol, 
heated at 70°C for 2 min, and added to 2% fatty acid-free BSA (Sigma-Aldrich) 
in medium as stock solution (2.5 mmol/L). Before use, the stock palmitate 
solution was gently rotated for 1 h at 37°C and further diluted to the required 
concentrations for treatment. SDF-1 (3, prepared as reported previously 
(21,22), was dissolved in PBS to the required concentrations. For some 
experiments, primary cultures of neonatal cardiomyocytes were prepared and 
used as described previously (33). 

Animal models. Type 2 diabetes was induced in male Wistar rats (220-240 g), 
purchased from the Jilin University Animal Center, Changchun, China, by 
feeding an HFD containing 60% kcal from fat for 8 weeks, followed with an 
intraperitoneal injection of a small dose of STZ (Sigma-Aldrich) at 25 mg/kg 
body weight, based on published protocol (31,32). Control rats were fed 
a control diet containing 10% kcal from fat. Blood glucose levels >250 mg/dL 
were considered as diabetes. After diabetes onset, rats were divided into four 
groups: control (n = 6), SDF-1 (3 control (SDF, n = 6), diabetes (DM, n = 9), and 
diabetes plus SDF-1 (3 (DM/SDF, n = 7). SDF-1 (3 was given by tail vein at 5 mg/kg 
body weight twice a week for 6 weeks. All animal protocols were approved by 
the Jilin University Animal Ethics Committee. 



ELISA and other quantification assays. Cell Death Detection ELISA kit was 
used to measure histone-bound DNA fragments for cultured cells, following the 
provided instruction. IL-6 ELISA kit (Thermo Scientific, Barrington, IL) was 
used to detect the concentration of IL-6 in culture supernatants, following the 
kit's instruction. 

Glycated hemoglobin (HbA lc %) was determined by the quantification kit 
(Roche Diagnostics, Mannheim, Germany). Quantification kits were used to 
assay plasma triglyceride and total cholesterol (Jiancheng, Nanjing, China), 
and contents of malondialdehyde (MDA) and superoxide dismutase (SOD) in 
cardiac tissues (Jiancheng). 

Western blotting. Western blotting was performed according to our previous 
studies (21,22). The first antibodies used at 1:1000 dilution included anti- 
cleaved caspase 3, anti-Bax, anti-Bcl-2, anti-apoptosis-induced factor, anti- 
phospho-p38(Thrl80/Tyrl82), anti-p38, anti-phospho-Akt(Ser473), anti-Akt, 
anti-phospho-AMPKa(Thrl72), and anti-AMPKa (all from Cell Signaling, 
Beverly, MA), anti-CHOP, anti-phospho-extracellular signal-related kinase 
(p-ERK), anti-ERK, anti-transforming growth factor-pl (TGF-pl), anti-vascular 
cell adhesion molecule (VCAM), anti-intracellular adhesion molecule 1 (ICAM- 
1), anti-plasminogen activator inhibitor type 1 (PAI-1), anti-TNF-a, and anti- 
collagen I, IE, and IV (all from Santa Cruz Biotechnology, Inc., Santa Cruz, CA), 
anti-atrial natriuretic peptide (ANP; EMD Millipore, Billerica, MA), anti- 
3-nitrotyrosine (Chemicon, Billerica, MA), anti- 78 kDa glucose-regulated protein 
(GRP78; Abeam, Cambridge, MA), and anti-caspase 12 (Exalpha Biologicals, 
Shirley, MA). 

Real-time PCR analysis of gene expression. Total RNA was extracted from 
H9C2 cells using Trizol reagent. Random-primed cDNA was prepared using 
a commercial cDNA kit following the manufacturer's protocol. Real-time 
quantitative PCR (qPCR) was performed with appropriate dilution of cDNA 
using the Applied Biosystems PRISM 7700 sequence detector and TaqMan 
gene expression assay kit (Applied Biosystems, Carlsbad, CA). Primers 
(CXCR4: Rn00573522_sl; CXCR7: Rn00584358_ml; ANP: Rn00561661_ml; 
TNF-a: Rn99999017_ml; [3-actin: Rn01768120_ml) for qPCR were purchased 
from Applied Biosystems. The housekeeping gene p-actin was used as an in- 
ternal reference. 

siRNA transfection. siRNAs specific for rat p38p MAPK (target sequence: 
GCA AUG UAG CAG UGA AUGA), IL-6 (target sequence: UAU GAG GUC UAC 
UCG GCAA), and CXCR7 (target sequence: ACA GCA UAU GGA ACG GAAA), 
along with nontargeting siRNA as a negative control (Dharmacon, Lafayette, 
CO) and Silencer Specific siRNA for rat CXCR4 (target sequence: UUC GUU 
UUC AUC CCG GAA GCA), along with the negative control (Ambion Life 
Technologies, Carlsbad, CA), were transfected into H9C2 cells for 48 h by 
transfection reagent before palmitate treatment. Transfection efficiency was 
assessed by ELISA kit and Western blot analysis for the target genes or pro- 
teins. 

Cardiac fibrosis and staining by terminal deoxynucleotidyl transferase- 
mediated dUTP nick end labeling. Cardiac tissues were fixed with 10% 
formalin and embedded in paraffins for preparing 5-fxm tissue sections. Sec- 
tions were stained by Sirius red for collagen, for which 0.1% Sirius red F3BA 
and 0.25% Fast Green FCF were used. Cardiac sections in paraffin were pro- 
cessed for a terminal deoxynucleotidyl transferase-mediated dUTP nick end 
labeling (TUNEL) assay using an ApopTag in situ detection kit (Boster, 
Wuhan, China). Apoptotic cell death was quantitatively analyzed under a mi- 
croscope (original magnification X20) by counting TUNEL-positive cardiac 
cells relative to the total number of cardiac cells in each of five randomly 
selected fields of view from each of three slides for each rat, as described 
previously (34,35). 

Statistical analysis. Data were collected from the repeated experiments at 
least three times for in vitro studies and from at least six animals for in vivo 
studies and are presented as mean ± SD. One-way ANOVA was used to de- 
termine whether differences existed, and if so, a post hoc Tukey test was used 
for analysis of the differences among groups, with Origin 7.5 laboratory data 
analysis and graphing software. Statistical significance was considered as 
P < 0.05. 



RESULTS 

Palmitate-induced nitrosative stress-mediated ER stress 
and cell death. Although palmitate induction of cardiac 
cell death has been reported (36,37), there remains the 
need for a detailed study on the dose-effect and time- 
course of palmitate-induced cell death. The effect of pal- 
mitate at 31.25-250 |xmol/L on cell death was measured by 
DNA fragmentation (Fig. 1A) and cleaved caspase 3 (Fig. 
LB), showing significant dose-dependent increases. Con- 
sidering that Wang et al. (38) also demonstrated the 
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FIG. 1. Palmitate-induced ER stress is associated cardiac cell death. H9C2 cells were exposed to palmitate at different doses {A and 2?) or at 62.5 
fjimol/L for different times (C and Z>). Cell death was evaluated by DNA fragmentation with cell death ELISA assay (A and Z>) and cleaved caspase 3 
with Western blotting assay (2?, C, and E: ER stress was examined by detecting its makers (GRP78, CHOP, and caspase 12) with Western 
blotting assay 12 h after cells were exposed to palmitate at 62.5 jjimol/L, with and without ER stress inhibitor 4-PBA at 100 |mmol/L for 12 h. Data 
are presented as mean ± SD from at least three separate experiments. c-casp3, cleaved caspase 3; Ctrl, control; Pal, palmitate. *P < 0.05 vs. control 
group; #P < 0.05 vs. palmitate group. 



induction of apoptotic cell death by palmitate at concen- 
trations as low as 50 |xmol/L in H9C2 cells, we selected 
a palmitate dose of 62.5 |xmol/L to perform the following 
studies. Exposure of H9C2 cells to palmitate at 62.5 |xmol/L 
for 2.5 to 15 h induced a time-dependent increase of cell 
death from 5 h, examined by DNA fragmentation (Fig. 1(7) 
or 10 h, examined by cleaved caspase 3 (Fig. ID), to 15 h as 
the longest time point in the current study. 

In the next study, H9C2 cells were exposed to palmitate 
at 62.5 |xmol/L for 15 h, and the expression of apoptosis- 
induced factor, Bax, and Bcl-2 was examined; no differ- 
ence among groups with and without palmitate treatment 
was observed (Supplementary Fig. 1). Recent studies im- 
plicated a possible role of ER stress in palmitate-induced 
cell death (36,37). Here, exposure of cells to palmitate at 
62.5 (xmol/L for 12 h also significantly increased the ex- 
pression of GRP78, CHOP, and caspase 12, suggesting the 
induction of ER stress and ER stress-related cell death 
(Fig. IE). Treatment of cells with ER stress inhibitor 
4-phenylbutyrate (4-PBA) at 100 \xmoVL for 12 h com- 
pletely prevented palmitate-induced ER stress (GRP78, 
CHOP, and caspase 12) and caspase 3 activation (Fig. IE), 
suggesting the dependence of ER stress in palmitate-induced 
cell death. 

Next, whether palmitate-induced ER stress-related cell 
death is associated with nitrosative damage was measured 
by protein nitration, 3-NT. Palmitate significantly increased 
the 3-NT content in multiple groups of proteins from 22 to 
148 kDa (Fig. 2A), which could be attenuated by pretreat- 
ment with NADPH oxidase (NOX) inhibitor (apocynin), SOD 
mimic (manganese [III] tetrakis[l-methyl4-pyridyl]porphyrin 
[MnTMPyP]), NOS inhibitor (L-A^-nitro-L-arginine methyl 
ester [l-NAME]) or peroxynitrite scavenger (urate), sug- 
gesting the involvement of NOX-involved generation of 
superoxide and associated peroxynitrite (Fig. 2B). 
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Inhibition of NOX, superoxide, NO, or peroxynitrite with 
their inhibitors or scavengers also completely abolished 
palmitate-induced ER stress (CHOP and caspase 12 ex- 
pression, Fig. 2(7). However, inhibition of ER stress with 
its inhibitor 4-PBA did not affect palmitate-induced nitro- 
sative damage (3-NT accumulation, Fig. 2D), suggesting 
that the nitrosative stress is the cause of ER stress and 
related cell death, as illustrated in Fig. 2E. 
Protective effect of SDF-ip on palmitate-induced 
cardiac cell death, which is independent of Akt and 
ERK1/2 cell survival signaling. First, the effect of pal- 
mitate at 62.5 |xmol/L on SDF-1 expression in H9C2 cells 
(Fig. 3A) and primary culture of neonatal cardiomyocytes 
(Fig. 3B) was examined. Exposure of these cells to pal- 
mitate induced a significant decrease in SDF-1 expression. 
Next the effect of exogenous SDF-1 13 at different dose 
levels (25, 50, and 100 nmol/L) on palmitate-induced cell 
death was examined by detecting caspase 3 cleavage (Fig. 
3(7) and DNA fragmentation (Fig. 3D). SDF-1 p protected 
palmitate-induced cell death in a dose-dependent manner. 
The antiapoptotic effect of SDF-1 p observed in H9C2 cells 
was also confirmed in the primary cultures of neonatal 
cardiomyocytes that were exposed to 62.5 |xmol/L palmitate 
and 100 nmol/L SDF-lp (Fig. 3E). Furthermore, SDF-lp at 
100 nmol/L protected H9C2 cells from spontaneous and 
palmitate-induced apoptosis (Supplementary Fig. 2) and ER 
stress and related cell death (Fig. 3F). 

Here, we also found that palmitate stimulated the ex- 
pression of several inflammatory cytokines, including 
VCAM, PAI-1, and TNF-a, which were completely prevented 
by SDF-1 p (Supplementary Fig. 3A-C). Neither palmitate 
nor SDF-1 p affected ICAM-1 expression (Supplementary 
Fig. 3D). In addition, palmitate stimulated the expression of 
TGF-pi and ANP, both of which were completely prevented 
by SDF-1 p treatment (Supplementary Fig. 3i? and F). 
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FIG. 2. Palmitate-induced nitrosative stress and damage is the cause of cell death. A: H9C2 cells were exposed to palmitate at 62.5 |mmol/L at the 
indicated times, and nitrosative stress and damage was assayed by 3-NT accumulation with Western blot. Because 3-NT showed multiple groups of 
nitrated proteins within the mass range of 22-148 kDa, all bands within the range were quantitatively analyzed with densitometry. Inhibitive effects 
of different inhibitors or scavengers on palmitate-induced 3-NT accumulation (1?) and ER stress (C) were detected in palmitate-treated cells. H9C2 
cells were pretreated with NOX inhibitor (apocynin, 100 |mmol/L), superoxide mimic (MnTMPyP, 75 (uimol/L), NOS inhibitor (l-NAME, 100 fjimol/L), or 
peroxynitrite scavenger (urate 100 |mmol/L) separately for 1 h and then exposed to 62.5 |mmol/L palmitate with the presence of the inhibitor or 
scavenger for another 6 h to examine 3-NT (1?) or for another 12 h to examine ER stress (C). D: Effect of inhibition of ER stress with its inhibitor 4- 
PBA at 100 fjimol/L on palmitate-induced 3-NT was examined at 6 h after exposed to palmitate, with and without 4-PBA. E: Palmitate-induced NOX- 
mediated nitrosative stress, ER stress, and cell death are illustrated based on the results from Figs. 1 and 2. Data are presented as mean ± SD from at 
least three separate experiments. caspl2, caspase 12; Ctrl, control; Pal, palmitate. *P < 0.05 vs. control group; #P < 0.05 vs. palmitate group. 



Because several cellular functions of SDF-1 (3 depend on 
Akt and ERK1/2 signaling pathways (21), whether these 
two pathways were required for the protection by SDF-1 (3 
from palmitate-induced cardiac cell death was examined. 
Exposure to SDF-1 (3 rapidly increased the phosphorylation 
of Akt and ERK1/2 at 15 min, and then they gradually de- 
creased to normal levels at 2 h (Supplementary Fig. 4A and 
E). However, inhibition of Akt with phosphatidyl inositol 
3-kinase (PI3K) inhibitor (LY294002 at 50 |xmol/L, Sup- 
plementary Fig. 4C) or ERK1/2 with its inhibitor (U0126 at 
10 |xmol/L, Supplementary Fig. 4D) did not affect palmitate- 
induced cell death with or without SDF-1 (3. 
Protective effect of SDF-1 p on palmitate-induced 
cardiac cell death is mediated by AMPK-dependent 
upregulation of p38p MAPK. Because SDF-lp plays 
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an important role in protecting the heart under various 
conditions (13,14,39), its effect on p38 MAPK expres- 
sion was examined in the cells exposed to palmitate or 
palmitate/SDF-lp for 3 to 15 h. The p38 MAPK phos- 
phorylation was significantly upregulated in the cells ex- 
posed to palmitate/SDF-lp (Fig. 4A) or SDF-1 p alone for 
6 h (Fig. 45) but not in the cells exposed to palmitate only 
(Fig. 4A). A p38 MAPK inhibitor (SB203580) was given be- 
fore cells were treated with palmitate or palmitate/SDF-ip 
for 15 h (Fig. 4(7). Inhibition p38 MAPK did not affect 
palmitate-induced cell death but completely abolished the 
protective effect of SDF-1 p on palmitate-induced cell death 
(Fig. 4(7). 

The antibody used to detect p38 phosphorylation in Fig. 
4A and B detects p38a and p38p MAPKs, and the p38 
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FIG. 3. Palmitate downregulates SDF-ip expression, and SDF-1(S protects from palmitate-induced ER stress and cell death. SDF-1(S expression was 
measured with Western blotting in H9C2 cells CA) and in primary culture of neonatal cardiomyocytes (2?) exposed to palmitate at 62.5 |mmol/L for 
15 h. Effects of SDF-10 at 25, 50, or 100 nmol/L on palmitate-induced cell death were determined by cleaved caspase 3 (C) and DNA fragmentation 
(Z>) in H9C2 cells that were pretreated by SDF-lfJ for 1 h and then treated by SDF-lfJ and palmitate together for 15 h. E: Apoptotic cell death was 
also measured by caspase 3 cleavage in the primary culture of neonatal cardiomyocytes that were exposed to palmitate at 62.5 jjimol/L for 15 h, with 
and without SDF-1(3 at 100 nmol/L. F: Effects of SDF-lfJ on palmitate-induced ER stress and its related cell death at 12 h were determined for the 
expression of GRP78, CHOP, and caspase 12. Data are presented as mean ± SD from at least three separate experiments. c-casp3, cleaved caspase 
3; Ctrl, control; Pal, palmitate. *P < 0.05 vs. control group; #P < 0.05 vs. palmitate group. 



inhibitor used in the study of Fig. 4C also unselectively 
inhibits the a and (3 isoforms of p38 MAPK. Therefore, 
p38(3 MAPK siRNA was used to define the specific role of 
p38p MAPK in the protection of SDF-lp from palmitate- 
induced cell death. Figure 4D shows that p38(3 MAPK 
siRNA completely abolished the protective effect of 
SDF-1(3 on palmitate-induced ER stress and cell death but 
control siRNA did not (Fig. AD). There was no influence of 
p38 MAPK siRNA on palmitate-induced and spontaneous 
apoptosis (Fig. AF). Specific inhibition of p38(3 MAPK also 
abolished the protective effect of SDF-ip on palmitate- 
induced nitrosative damage at 6 h after exposure to palmitate/ 
SDF-lp (Fig. AE). 

We next examined the effect of palmitate on AMPK 
expression and function in H9C2 cells by Western blotting 
(Fig. 5A). Palmitate at 62.5 |xmoI/L did not affect AMPK 
expression but significantly decreased its phosphoryla- 
tion at 3 and 6 h postexposure (Fig. 5A). In contrast to 
palmitate, SDF-1(3 significantly increased AMPK phos- 
phorylation at 3 h postexposure (Fig. 51?). Inhibition of 
AMPK phosphorylation by exposure to palmitate at 62.5 
(xmol/L for 3 h could be abolished by cotreatment with 
SDF-ip (Fig. 5(7). In the neonatal cardiomyocyte primary 
cultures, the inhibition of AMPK phosphorylation by ex- 
posure to palmitate at 62.5 fxmol/L for 3 h was also 
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abolished by cotreatment with SDF-1(3 (Supplementary 
Fig. 5). 

To address whether the preservation of AMPK function 
is the mechanism responsible for the protection by SDF-1(3 
from palmitate-induced cell death, cells were pretreated by 
AMPK inhibitor compound C at 10 |xmol/L (Fig. bD) or 
AMPK activator AICAR at 250 |xmoI/L (Fig. 5K) for 1 h and 
then cotreated with SDF-ip/palmitate or palmitate for 15 h. 
By Western blotting assay, we showed that inhibition of 
AMPK function significantly abolished the preservation of 
p38 MAPK phosphorylation by SDF-1(3 with palmitate and 
also abolished the protective effect of SDF-1(3 on palmitate- 
induced cell death (Fig. 5D). In contrast to compound C, 
activation of AMPK could significantly stimulate p38 AMPK 
activation and reduced palmitate-induced cell death (Fig. 
5E), which recaptures the protective effect of SDF-ip on 
palmitate-induced cell death. Activation of AMPK with 
AICAR in normal cells also reduced spontaneous apo- 
ptosis (Fig. 5E). 

IL-6 is required for the protective effect of SDF-ip- 
activated AMPK/p38p signaling on palmitate-induced 
cardiac cell death. Previous studies have indicated that 
p38(3 MAPK protected the heart by increasing IL-6 gener- 
ation (13,39). We therefore evaluated the role of IL-6 in the 
protection by SDF-1|3 from palmitate-induced cell death, 
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FIG. 4. Protective effect of SDF-1 fi on palmitate-induced cardiac cell death is mediated by p380 MAPK activation. H9C2 cells were pretreated by 
SDF-1 (5 for 1 h and then treated by SDF-1 (5 and palmitate together for different times. Phosphorylated p38 and total p38 were detected from the 
cells treated with palmitate at 62.5 jjimol/L with SDF-1 (5 for 3 to 15 h or palmitate alone for 6 h (A) and also treated with SDF-1 (5, with and withont 
palmitate, for 6 h (5). C: Inhibitory effects of p38 with its inhibitor (SB203580, 10 jjimol/L) on palmitate-indnced cell death were examined by 
measuring cleaved caspase 3. Inhibitory effects of p38-specific siRNA on SDF-1 (3's protection from palmitate-induced cell death and ER stress (Z>) 
and 3-NT accumulation (E ) were examined by measuring the activation of caspase 3 and expression of CHOP and caspase 12 (Z>) and 3-NT (E ). For 
this study, cells were pretreated with specific p380 siRNA and nontarget siRNA for 48 h and then treated with palmitate and Pal/SDF-lfJ for 12 h 
for cell death and ER stress (Z>) or for 6 h for 3-NT (i?). F: The possibility of p38 siRNA on palmitate-induced cell death was eliminated by 
comparing effects of p38 siRNA with and without palmitate. Data are presented as mean ± SD from at least three separate experiments. c-casp3, 
cleaved caspase 3; caspl2, caspase 12; Ctrl, control; />-p38, phosphorylated p38; Pal, palmitate. *P < 0.05 vs. control group; #P < 0.05 vs. palmitate 
group. 



first by measuring IL-6 levels in the medium of cultured 
cells exposed to palmitate at 62.5 |xmol/L, with or without 
SDF-1 p at 100 nmol/L for 5 to 15 h. Medium IL-6 levels 
were increased only in the cells exposed to SDF-1 (3 with 
palmitate for 10 or 15 h but not in the cells exposed to 
palmitate alone (Fig. 6A). Exposure of the cells to SDF-1 (3 



alone, AMPK activator or inhibitor alone, or p38 MAPK 
inhibitor alone did not affect IL-6 levels (Fig. How- 
ever, as with SDF-1 p, the AMPK activator AICAR with 
palmitate significantly increased the IL-6 level (Fig. 61?), 
whereas the increased IL-6 content in the cells exposed to 
palmitate and SDF-1 (3 was abolished by an AMPK inhibitor 
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FIG. 5. Protective effect of SDF-lfJ on palmitate-induced cardiac cell death is mediated by AMPK activation. H9C2 cells were treated with pal- 
mitate at 62.5 jjimol/L 04) or SDF-10 at 100 nmol/L CB) for the indicated times, and phosphorylated AMPK (p-AMPK) and total AMPK were 
detected by Western blotting assays. C: Effects of SDF-lfJ on AMPK expression and phosphorylation were examined in the cells with and without 
exposure to palmitate at 62.5 jjimol/L for 3 h in presence or absence of SDF-lfJ at 100 nmol/L. H9C2 cells were pretreated by AMPK inhibitor (Com. 
C, 10 fjimol/L) (Z>) or AMPK activator (AICAR, 250 (uimol/L) (i?) for 1 h, and then treated with SDF-ip/palmitate or palmitate with the presence of 
compound C or AICAR for 15 h to examine the expression and activation of AMPK and p38 as well as caspase 3 activation by Western blot assay. 
Data are presented as mean ± SD from at least three separate experiments, c-casp 3, cleaved caspase 3; Com. C, compound C; Ctrl, control; Pal, 
palmitate; p-AMPK, phosphorylated AMPK; p-p38, phosphorylated p38. *P < 0.05 vs. control group; #P < 0.05 vs. palmitate group. 



or a p38 MAPK inhibitor (Fig. 6B). This study suggests that 
the increased IL-6 level by SDF-ip in palmitate-treated 
cells is mediated by activation of AMPK and p38 MAPK. 

The requirement of IL-6 for the protective effect of 
SDF-1(3 on palmitate-induced ER stress and related cell 
death was defined with its specific siRNA because the 
protective effect of SDF-1(3 on palmitate-induced increases 
in CHOP, caspase 12, and cleaved caspase 3 was abolished 
by 11^6 siRNA but not by control siRNA (Fig. 6(7). Fur- 
thermore, the direct role of IL-6 in the protective effect of 
SDF-1(3 on palmitate-induced ER stress and cell death was 
also addressed by direct addition of human recombinant ILr6 
(rIL-6) into the cultures. Addition of rIL-6 at 1 or 2 ng/mL, 
but not at 4 ng/mL, significantly reduced palmitate-induced 
cardiac cell death measured at 15 h (Fig. 6Z>). The addition 
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of 2 ng/mL rIL-6 completely protected from palmitate- 
induced CHOP and caspase 12 expression at 12 h post- 
exposure (Fig. Therefore, the protective effect of 
SDF-ip on palmitate-induced ER stress and cell death is 
mediated by its activation of AMPK/p38(3 MAPK— mediated 
IL-6 generation. 

Protective effect of SDF-ip on palmitate-induced cell 
death is CXCR7 receptor dependent. The protective 
effect of SDF-1|3 on palmitate-induced ER stress and cell 
death was not mediated by its receptor CXCR4 because 
when cells were exposed to SDF-ip/palmitate with the 
presence of CXCR4 blocker AMD3100 at 0.5-5 |xmol/L, the 
protective effect of SDF-1(3 on palmitate-induced cell 
death and AMPK phosphorylation was not affected and 
was even slightly enhanced (Fig. 7A, Supplementary Fig. 6A). 
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FIG. 6. Protective effect of SDF-1 (S on palmitate-induced cardiac cell death is mediated by IL-6. A and B: IL-6 concentrations in the medium of 
cultured cells by different treatments were determined by ELISA assay. A: H9C2 cells were treated with palmitate at 62.5 (xmol/L alone for 15 h or 
with palmitate and SDF-1 (5 at 100 nmol/L for indicated times. B: H9C2 cells were treated with palmitate (62.5 (xmol/L), SDF-1 (5 (100 nmol/L), 
compound C (10 (xmol/L), AICAR (250 (xmol/L), or p38 inhibitor (SB203580, at 10 (xmol/L) alone or combined as indicated, for 15 h. C: Cells were 
pre treated with specific IL-6 siRNA and nontarget siRNA for 48 h before treatment with palmitate and SDF-1 (5 for examining the expression of 
CHOP, caspase 12, and cleaved caspase 3 at 12 h. D: H9C2 cells were treated by palmitate at 62.5 (xmol/L, with or without rIL-6, at indicated doses 
for 15 h and then cleaved caspase 3 was examined. E: H9C2 cells were pretreated with rIL-6 for 1 h and then continually treated with rIL-6 in the 
absence or presence of palmitate at 62.5 (xmol/L for another 12 h to measure ER stress by Western blotting of CHOP and caspase 12. Data are 
presented as mean ± SD from at least three separate experiments. c-casp3, cleaved caspase 3; Com.c, compound C; Ctrl, control; p-AMPK, 
phosphorylated AMPK; />-p38, phosphorylated p38; Pal, palmitate. *P < 0.05 vs. control group; #P < 0.05 vs. palmitate group. 



To rule out nonspecific effects of ADM3100 on CXCR4 
receptors (40), we further confirmed that siRNA-induced 
disruption of CXCR4 expression did not affect the protection 
of cardiac tissue by SDF-1 (3 against palmitate-induced cell 
death and AMPK inactivation (Fig. IB). 

CXCR7 is reported to exist in a few organs, inclu- 
ding the heart (20,41). We also confirmed the expression 
of CXCR7 in cardiac H9C2 cells by real-time PCR 
at baseline, although CXCR4 is about 100-fold higher than 
CXCR7 expression (Supplementary Fig. 6B). CXCR4 and 
CXCR7 mRNA expression were not response to palmitate 
(Supplementary Fig. 6C and D). CXCR7-specific siRNA 



was preapplied to the cells treated with palmitate and/or 
SDF-1 (3 (Fig. 7(7), which abolished SDF-1 (3 protection from 
palmitate-induced cell death in a dose-dependent manner, 
measured by DNA fragmentation measurement. Because 
CXCR7 siRNA at 25 nmol/L also has an apoptotic effect in 
normal cells (Fig. 7(7), CXCR7 siRNA at 12.5 nmol/L was 
used in the following studies. Pretreatment of the cells 
with CXCR7 siRNA completely abolished the activation of 
AMPK (Fig. ID) and p38 MAPK (Fig. IE) by SDF-1 (3 with 
the presence of palmitate. Pretreatment of the cells with 
CXCR7 siRNA also completely abolished the protection 
by SDF-1 (3 from palmitate-induced caspase 3 activation 
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FIG. 7. Protective effect of SDF-lfJ on palmitate-induced cell death is mediated through CXCR7 receptor. A: H9C2 cells were pretreated with AMD3100 
at 0.5-5.0 |uimol/L for 1 h before treatment with SDF-lfJ, palmitate, and AMD3100 together for 3 h to measure AMPK inactivation by the ratio of 
phosphorylation or for 15 h to measure cell death by caspase 3 activation. B: Cells were pretreated with specific CXCR4 siRNA (50 nmol/L) and negative 
control for 48 h before treatments with palmitate and SDF-lfJ for 3 h to detect inactivation of AMPK or for 15 h for measuring cell death with caspase 3 
activation. C: Cells were pretreated with specific CXCR7 siRNA at indicated doses and nontarget siRNA for 48 h before treatments with palmitate and 
SDF-1(5 for another 15 h for cell death measurement with DNA fragmentation assay. D-F: siRNA at 12.5 nmol/L was used for the other studies. Cells 
were pretreated with specific CXCR7 siRNA and nontarget siRNA for 48 h before treatments with palmitate and SDF-lfJ for another 3 h to detect 
expression and activation of AMPK (Z>), for another 6 h to detect the expression and activation of p38 MAPK (2?), and for another 15 h to detect cell 
death by measurement of cleaved caspase 3 (F). Data are presented as mean ± SD from at least three separate experiments. c-casp3, cleaved caspase 3; 
Ctrl, control; p-AMPK, phosphorylated AMPK; />-p38, phosphorylated p38. *P < 0.05 vs. control group; #P < 0.05 vs. palmitate group. 
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(Fig. IF). These results suggest that SDF-1 (3 protection 
from palmitate-induced cell death via activation of AMPK 
and p38 MAPK is mediated by CXCR7, not CXCR4, 
receptor. 

Protective effect of SDF-1 p on diabetes-induced 
cardiac cell death and other pathological changes, 
which were associated with upregulation of AMPK 
phosphorylation. The above in vitro studies clearly in- 
dicate the protective effect of SDF-1 (3 on palmitate- 
induced cardiac cell death. We also found a reduction of 
cardiac expression of SDF-1 in HFD-induced type 2 di- 
abetic mice (Supplementary Fig. 7). To ensure whether 
SDF-1 (3 can afford a protective effect on the heart in vivo, 
a type 2 diabetic rat model was induced with 8-week HFD 
feeding, followed by a small dose of STZ, as used by others 
(31,32). Three days after STZ treatment, hyperglycemic 
rats and age-matched control rats were given with SDF-1 (3 
at 5 mg/kg body weight or the same value of PBS twice 
a week for 6 weeks. At the end of 6 weeks SDF-1 (3 treat- 
ment, rat body weights, blood glucose levels, HbA lc %, and 
plasma cholesterol and triglyceride levels, cardiac tri- 
glyceride, and heart weight were significantly increased in 
the DM group, which were not different from those in the 
DM/SDF group (Fig. 8A-F, Supplementary Fig. 8A). How- 
ever, the heart weight-to-body weight ratio was signifi- 
cantly decreased in the DM group but not in the DM/SDF 
group (Fig. 8G). The cardiac incidence of TUNEL-positive 
cells was significantly increased in the hearts of the DM 
group, which was significantly, although not completely, 
attenuated by 6 weeks of SDF-1 (3 treatment (Fig. 8H). 
There was also a significant increase in caspase 3 activa- 
tion, with a significant decrease of AMPK phosphorylation 
in the hearts of the DM group but not of the DM/SDF group 
(Fig. 87). 

Apoptotic cell death in the diabetic heart is a well- 
known cause for several pathological changes (42,43), 
which, therefore, were examined here. Western blotting 
for collagen I, III, and IV (Fig. 8J), as well as the collagen 
I-to-III ratio (Supplementary Fig. 8B) and Sirius red stain- 
ing for total collagen accumulation (Supplementary Fig. 
8C) showed a significant increase in cardiac fibrosis in the 
hearts of the DM group but not significantly in DM/SDF 
group. Furthermore, the existence of cardiac hypertrophy 
in the DM group, but not in the DM/SDF group, was also 
reflected in increased mRNA expression levels of the hy- 
pertrophic molecular marker ANP (Fig. 8K) and increased 
sizes of myofibers examined by hematoxylin and eosin 
staining (Supplementary Fig. 8D). In addition, a significant 
increase in cardiac inflammation was detected by in- 
creased mRNA expression of TNF-a in the DM group that 
was partially attenuated in the DM/SDF group (Fig. 8L). 
Cardiac oxidative stress, shown by an increased level of 
MDA (Fig. 8M) and decreased SOD content (Fig. 8A0, 
was significantly elevated in the DM group but not in the 
DM/SDF group. 



DISCUSSION 

Our findings indicate that palmitate-induced apoptotic 
death in the cardiac cell is mediated by ER stress that was 
caused by NOX activation associated nitrosative stress, 
based on the following evidence: 

1) Palmitate induced significant increases in 3-NT at 3-9 
h (Fig. 2A) and ER stress (increased GRP78, CHOP, 
and caspase 12 expression) at 12 h (Fig. IE), and 



induction of apoptotic cell death, peaking at 15 h 
(Fig. IA and B). 

2) Inhibition of NOX activation-mediated superoxide gen- 
eration and peroxynitrite formation significantly prevented 
palmitate-induced 3-NT accumulation, ER stress, and apo- 
ptosis (Fig. 2). 

3) Inhibition of ER stress with 4-PBA completely inhi- 
bited ER stress and caspase 3 activation (Fig. IE) but 
did not affect palmitate-induced 3-NT accumulation 
(Fig. ZD). 

In addition, we have provided the following innovative 
findings. 

Protective effect of SDF-1 p on palmitate-induced car- 
diac apoptotic cell death and the underlying signaling 
mechanism. Early studies showed an induction of cell 
death by SDF-1 in lymphocytes (44). Recent studies dem- 
onstrated that SDF-1 improved some hematological cell 
survival (45). The antiapoptotic effect of SDF-1 was pre- 
dominantly dependent on Akt and/or ERK1/2 activation in 
pancreatic (3-cells, bone marrow stem cells, or cardiac 
cells (46-48). However, whether SDF-1 protects cardiac 
cells from fatty acids, such as palmitate, has not been 
reported. 

We found here that SDF-1 (3 significantly protects 
against palmitate-induced cardiac nitrosative damage, 
ER stress, and cell death through activation of AMPK/ 
p38 MAPK-mediated generation of the IL-6 pathway. 
SDF-1 (3 significantly increased Akt and ERK1/2 phos- 
phorylation, but neither one is required for the pro- 
tection by SDF-1 (3 from palmitate-induced cell death 
(Supplementary Fig. 4). In contrast, SDF-1 13 activated 
p38 MAPK phosphorylation at 6 h after treatment (Fig. 
4A and B). Inhibition of p38 MAPK with SB203580, which 
inhibits a and p isoforms of p38 MAPK (Fig. 4C), or 
specific siRNA for p38(3 MAPK (Fig. 4D) abolished the 
protective effect of SDF-1 (3 from palmitate-induced ER 
stress and cell death, suggesting the direct requirement 
of p38(3 MAPK for the cardiac protection by SDF-1 p 
(Supplementary Fig. 9). 

The MAPK signaling pathway allows cells to process 
a wide range of external signals and respond appropri- 
ately, generating a plethora of different biological effects. 
The diversity and specificity of cellular outcomes is ach- 
ieved by functionally distinct p38 MAPK isoforms (49). In 
the heart, several investigations have demonstrated the 
proapoptotic effect p38a MAPK activation during ischemia 
(50). Huang et al. (51) reported that cardiac apoptosis and 
lactate dehydrogenase activity in cell culture supernatants 
decreased markedly and cardiac viability increased sig- 
nificantly in the group treated with p38a MAPK anti-sense. 
A recent study also demonstrated that during hypoxia, 
followed by reoxygenation stress, cardiomyocytes un- 
dergo p53-dependent apoptosis after phosphorylation of 
p53 by p38a MAPK, leading to p38(3 suppression. Estrogen 
could protect cardiomyocytes from apoptosis by inhibiting 
p38a MAPK-mediated p53 apoptotic signaling (52). This 
study supports the early notion that p38a MAPK plays 
a proapoptotic role and p38(3 MAPK plays an antiapoptotic 
roles, as reported by Venkatakrishnan et al. (53). Here we 
also demonstrated that p38(3 MAPK activation was required 
for SDF-ip's cardiac protection from palmitate-induced ER 
stress and cell death (Fig. 4), which is consistent with the 
studies cited above. 

IL-6 is a proinflammatory cytokine and also activates 
signaling pathways that mediate cardiac protection 
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FIG. 8. Protective effect of SDF-lfJ on diabetes-induced cardiac cell death and remodeling. Diabetic rats were induced by being fed an HFD for 
8 weeks, followed by a small dose of STZ at 25 mg/kg. At hyperglycemia onset, diabetic and age-matched control rats were treated with SDF-lfJ at 
5 mg/kg body weight twice weekly for 6 weeks. At the end of treatment, body weight CA), blood glucose (2?), HbA lc (C), plasma total cholesterol 
(Z>) and triglyceride (i?), cardiac triglyceride (F), and heart weight (HW)-to-body weight (BW) ratio (G) were determined. H: Cardiac apoptotic 
cell death was examined by TUNEL staining, from which the TUNEL-positive cells (arrows) were quantitatively analyzed. /: The expression of 
cleaved caspase 3 (c-casp3), phosphorylated AMPK (p-AMPK), and total AMPK were examined by Western blotting assay. J: Cardiac fibrosis was 
reflected by Western blotting of collagen I, III, and IV expression. Cardiac mRNA expression of hypertrophy marker ANP ) and inflammation 
cytokine TNF-a (Z,) was examined by real-time PCR. Cardiac oxidative stress was measured by biochemical assays for the increased MDA (M) and 
decreased SOD contents (AT). Data are presented as mean ± SD (ji = 6 at least in each group). Ctrl, control. *P < 0.05 vs. control group; #P < 0.05 
vs. DM. (A high-quality color representation of this figure is available in the online issue.) 



(54). Using cardiac myocytes, Craig et al. (39) found 
the involvements of p38 MAPK and IL-6 in the pro- 
tection of cardiac cells from apoptosis. Here, we pro- 
vide evidence that IL-6 is required for the protection 
by SDF-1(3 from palmitate-induced apoptotic cell 
death: 



7) SDF-1(3 induced a significant increase in IL-6 at 10-15 h 
(Fig. 6A). 

2) Pretreatment of SDF-ip/palmitate-treated cells with IL-6 
specific siRNA completely abolished the protective ef- 
fect of SDF-1(3 on palmitate-induced ER stress and cell 
death (Fig. 6(7). 
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3) Addition of human rIL-6 into palmitate-treated cells sig- 
nificantly prevented palmitate-induced ER stress and 
cell death (Fig. 6D and E). 

A few previous studies have shown the requirement of 
AMPK for the stimulation of p38p MAPK (13,55). We 
extend these findings to provide the first evidence that 
SDF-1 (3-induced activation of AMPK stimulates p38 
MAPK-dependent IL-6 generation to protect cardiac cells 
against palmitate-induced ER stress and apoptosis (Sup- 
plementary Fig. 9). We found that palmitate significantly 
decreased AMPK phosphorylation at 3 or 6 h after treat- 
ment and that SDF-1 (3 significantly increased AMPK 
phosphorylation in normal cells and preserved the AMPK 
phosphorylation level in palmitate-treated cells (Fig. 5A- 
C). Whether AMPK activation is pro- or antiapoptotic 
depends on several factors, including the type of cell, the 
type of challenge, and the duration of AMPK activation 
(11-19). For instance, transitory AMPK activation is often 
antiapoptotic (11-14), whereas persistent AMPK activation 
is typically proapoptotic (15-19). 

SDF-1 regulates many essential biological processes, 
which has been considered predominantly through CXCR4 
(21,22). However, recent studies from us and others have 
implicated that CXCR7 has different functions compared 
with CXCR4 and also plays an important role in mediating 
cell survival or the antiapoptotic effect of SDF-1 (22). 
Bakondi et al. (56) and Hattermann et al. (57) have sepa- 
rately reported the important role of CXCR7 in mediating 
the antiapoptotic effect of SDF-1. They found that in 
astroglia, stimulation of CXCR7 prevented camptothecin- 
and temozolomide-induced apoptosis and that the selec- 
tive CXCR7 antagonist CCX733 reduced the antiapoptotic 
effects of CXCL12 (57). 

We show here for the first time that in addition to 
CXCR4, CXCR7 also expresses in cardiac H9C2 cells. 
Blocking the interaction of SDF-1 with CXCR4 by 
AMD3100 at dose range of 0.5-5.0 jxmol/L did not affect 
and even slightly at high-dose levels enhanced the pro- 
tective effect of SDF-1 (3 on palmitate-induced cell death 
(Fig. 7A), which may be due to its binding to CXCR7 with 
allosteric effect (40). To rule out the nonspecific banding 
of AMD3100 to its receptors, CXCR4 expression was 
downregulated using its specific siRNA, with no discern- 
ible effect (Fig. IE), but downregulation of CXCR7 ex- 
pression with its specific siRNA (Fig. 7C-F) completely 
abolished the protective effect of SDF-1 (3 on palmitate- 
induced cell death and also completely eliminated the 
stimulation by SDF-1 (3 of AMPK and p38 MAPK activation 
in the cells treated by palmitate. These findings suggest 
that the protective effect of SDF-1 (3 on palmitate-induced 
ER stress and cell death by activation of AMPK/p38(3 
MAPK-mediated generation of IL-6 was mediated by 
CXCR7 receptor. 

Protective effect of SDF-1 p on diabetes-induced 
cardiac cell death and other pathogenic changes. 

Several studies have demonstrated the critical role of ap- 
optotic cell death in the development of pathogenic 
changes in the heart of diabetic or nondiabetic subjects 
(42,43). We speculated that the significant antiapoptotic 
effect of SDF-1 (3 might be applicable to the prevention of 
diabetes-induced cardiac cell death and even other path- 
ogenic changes in vivo, which was confirmed in the hearts 
of diabetic rats in the current study. We showed that di- 
abetes induced by the HFD, followed by a small dose of 
STZ, significantly increased the plasma glucose, total 



cholesterol, and triglyceride levels as well as cardiac tri- 
glyceride level. Diabetes also induced a significant in- 
crease of cardiac cell death and a decrease of AMPK 
phosphorylation, along with significant increases in car- 
diac oxidative damage, inflammation, hypertrophy, and 
remodeling (fibrosis). Treatment of these diabetic rats with 
SDF-1 (3 for 6 weeks did not affect the systemic and cardiac 
hyperlipidemic profiles but significantly attenuated the 
diabetic increase of cardiac cell death and reduction of 
AMPK phosphorylation, leading to a significant prevention 
of diabetes-induced pathogenic changes in the heart, in- 
cluding oxidative damage, inflammation, hypertrophy, and 
remodeling (fibrosis). Although we did not measure car- 
diac function here, we assume that these pathogenic 
changes would lead to a development of cardiac dys- 
function in vivo, because several other studies have dem- 
onstrated the development of diabetic dysfunction in 
animal models (58-60) that were similar to the model used 
in the current study. 

The antiapoptotic and preserving-AMPK functional 
effects of SDF-1 (3 on diabetes were incomplete, thus 
resulting in an incomplete prevention of diabetes-induced 
fibrosis. This partial prevention may be related. First, the 
dosage of SDF-1 (3 at 5 mg/kg body weight twice weekly for 
6 weeks may be not enough to efficiently prevent diabetes- 
induced cell death. Although previous studies (46,61) have 
demonstrated the protective effect of SDF-1 on cardiac 
damage induced by acute ischemia and reperfusion, they 
gave SDF-1 in perfused hearts. One recent study gave mice 
an intravenous injection of bifunctional protein consisting 
of an SDF-1 domain and a glycoprotein VI at 10 mg/kg (62), 
which remains higher than that used in the current study. 

Second, we gave the SDF-1 (3 to diabetic rats after the 
rats were fed the HFD for 8 weeks, which already signifi- 
cantly increased body weight and systemic lipid levels and 
may also increase cardiac cell death. In addition, com- 
pared with the protective effect of SDF-1 (3 on diabetes- 
induced TUNEL-positive cells (Fig. 8H), the protective 
effect of SDF-1 (3 on the diabetes-induced increase in cas- 
pase 3 cleavage and the decrease in AMPK phosphorylation 
were small (Fig. 87). This asymmetry may be attributed to 
the time-point difference between these molecular events. 
For instance, apoptotic cell death is a late event that occurs 
after AMPK activation and caspase 3 cleavage. AMPK acti- 
vation is an early and transient signaling event (AMPK was 
downregulated at 3 and 6 h, whereas apoptotic cell death 
was seen from 5 to 15 h [the longest time in the current 
study] in palmitate-treated cells, Fig. 1C; AMPK activation 
was also only seen at 3 h in SDF-1 (3-treated cells, Fig. 5A 
and E). Therefore, it will be difficult to see the significant 
upregulation of phosphorylated AMPK at the same time 
point when apoptotic cells can be seen significantly. Caspase-3 
cleavage is also transient, whereas apoptotic cell death 
(TUNEL-positive cells) is the final step and lasts a rela- 
tively long time. In addition, TUNEL-positive cells may in- 
clude apoptotic and necrotic cells. These potential reasons 
will be explored in future studies. 

The relative low dose of palmitate used here for the in 
vitro studies may limit its relevance to in vivo conditions. 
A few studies have shown the apoptotic effect of palmitate 
at 125-250 |xmol/L, measured by flow cytometry and 
TUNEL assay, respectively (36,37). We showed here that 
exposure of H9C2 cells to palmitate at dose range of 31.25- 
250 |xmol/L induced a significant dose-dependent increase 
of cell death (Fig. 1A and E). Wang et al. (38) also demon- 
strated the induction of apoptotic cell death by palmitate at 
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concentrations as low as 50 |xmol/L in H9C2 cells . The 
discrepancy between these results may be due to differ- 
ences in cell death detection as a function of the assays used 
and/or cell culture conditions (36-38). We showed the in- 
creased cell death induced by palmitate at 31.25 |xmol/L with 
the DNA fragmentation ELISA assay (Fig. 1A) but not with 
the caspase 3 cleavage assay (data not shown). The apo- 
ptotic effect of 62.5 |xmol/L palmitate after 5 h was estimated 
by examining DNA fragmentation (Fig. 1(7) but was esti- 
mated after 10 h by quantifying cleaved caspase 3 (Fig. ID). 
H9C2 cells were incubated in high-glucose Dulbecco's 
modified Eagle's medium for these studies, but in two pre- 
vious studies (36,37) that showed the resistance of cells to 
palmitate-induced cell death, the medium was supplemented 
with 10% FBS for preculture and 5% BSA during the palmi- 
tate treatment period, whereas we supplemented with 10% 
FBS for preculture and 2% BSA for the treatment period. The 
lower BSA during the palmitate treatment period might 
make the cells more susceptible to palmitate-induced cyto- 
toxic effects. For instance, Wang et al. (38) used 0.1% BSA 
during the palmitate treatment period and detected high 
sensitivity of these cells to palmitate-induced cell death. 
These results suggest that cell culture conditions and ex- 
perimental methods may determine cell susceptibility to 
palmitate-induced cell death. 

None of these in vitro cultured conditions can be directly 
translated to in vivo or clinically relevant conditions. 
Therefore, we did not try to directly translate our in vitro 
studies to the in vivo animal model or to explain clinical 
observations. Instead, these in vitro studies elucidate an 
important cellular event and signaling pathway. The possibly 
preventive effect of SDF-1(3 on diabetes-induced cardiac cell 
death and other pathogenic changes needs to be directly 
examined in an animal model, such as the rat model here. 

In summary, the current study has investigated the 
protective effect of SDF-1(3 on palmitate-induced cardiac 
ER stress and cell death in vitro and diabetes-induced 
cardiac cell death in vivo for the first time. The cardiac 
protective effect of SDF-1|3 in vitro is mediated through its 
interaction with CXCR7 and activation of AMPK and p38 
MAPK-mediated IL-6 production (Supplementary Fig. 9). 
Although whether this in vitro mechanism is true for the 
heart in vivo remains a systemic investigation, the anti- 
apoptotic cell death in the heart of diabetic rats was also 
associated with upregulation of AMPK phosphorylation. 
The antiapoptotic effect and upregulation of AMPK in the 
heart was also associated with significant prevention of 
diabetic cardiac remodeling. These findings provide a 
novel insight into understanding the mechanism for 
SDF-l's cardiac protection, which should be considered 
both its angiogenesis and cardiac cytotoxic protection. 
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